The next generation of high energy e + e − linear colliders is expected to operate at √ s 500 GeV. In this energy range the W W fusion channel dominates the Higgs boson production cross section e + e − →ννh 0 /H 0 . We calculate the one-loop corrections to this process due to fermion and sfermion loops within the MSSM. We perform a detailed numerical analysis of the total cross section and the distributions of the rapidity, the transverse momentum and the production angle of the Higgs boson. The fermion-sfermion correction is substantial being of the order of −10% and is dominated by the fermion loops. In addition, we explore the possibility of polarized e + /e − beams. In the so-called "intense coupling" scenario the production of the heavy Higgs boson H 0 is also discussed.
Introduction
The Standard Model (SM) of fundamental particles has been tested with an impressive precision by a large number of experiments. The resulting body of data is consistent with the matter content and gauge interactions of the SM and a Higgs boson h 0 of mass is predicted to be less than 135 GeV [3] , taking into account radiative corrections. The present experimental bound from LEP are m h 0 > 88. 3 GeV and m A 0 > 88. 4 GeV at 95%
CL [2] . The next step in the search for the Higgs boson will take place at the Tevatron [4, 5] in pp collisions at 2 TeV. The gluon-gluon fusion process is the dominant neutral Higgs production mechanism, but suffers from the overwhelming QCD background of bb production. The most promising Higgs discovery mechanism for m h 0 < 130 GeV is most likely the Higgsstrahlung→ W → W h 0 . The W W fusion process W W → h 0 , i.e.
pp → q W Wq → q h 0q , plays a less important rôle.
At LHC, in p p collisions at 14 TeV, the gluon-gluon fusion mechanism provides the dominant contribution to Higgs boson production [6] . The next important Higgs production channel is the vector boson fusion V V → h 0 /H 0 . In particular, it provides an additional event signature due to the two energetic forward jets. It has been argued that the channels W W → h 0 /H 0 → ττ and W W can serve as suitable search channels at LHC, even for a Higgs boson mass of m h ∼ 120 GeV [7] . Very recently, it has been shown that the W W fusion process→ q h 0 q with h 0 → bb may be used to identify and study a light Higgs boson at the LHC due the two rapidity gaps in the final state [8] The next generation of high energy e + e − linear colliders is expected to operate in the energy range of √ s = 300 − 1000 GeV (JLC, NLC, TESLA) [9, 10, 11] . The possibility of a multi-TeV linear collider with √ s ∼ 3 TeV (CLIC) is also under study [12] . At these colliders high-precision analyses of the Higgs boson will be possible. In e + e − collision, for energies 200 GeV, the production of a single Higgs boson plus missing energy starts to be dominated by W W fusion [13, 14, 15] [20] .
In a previous paper [21] we have already given some results for the light Higgs boson production. This work represents a much more detailed study of single Higgs boson (h 0 and H 0 ) production in e + e − collisions, including radiative corrections. In particular, important kinematical distributions of the rapidity, transverse momentum and the production angle of the Higgs boson are given. Polarization of the incoming e + /e − beams is also included. In addition, we consider the "intense coupling regime" [22] , where all Higgs bosons of the MSSM are rather light, and for large tan β couple maximally to electroweak gauge bosons and strongly to the third generation fermions. The paper contains a brief discussion on the background, although it has not been our intention to perform a Monte Carlo study. The paper is organized as follows: In section 2 we give the formulae for the tree-level amplitude, then calculate the one-loop corrections, taking into account fermion/sfermion loops. We express the corrections to the vertex in terms of form factors. In section 3 we are discussing the calculation of the cross section for the Higgs boson production, especially including the one-loop correction. In section 4, we perform a detailed numerical analysis and discuss our results. Finally, in section 5 we present our conclusions. Appendix A exhibits explicitly the expressions for the form factors. Appendix B gives details of the calculation of the cross section and the various distributions. 
Matrix elements and one-loop corrections
We study the process
p, p 1 , p 2 , p 3 , p 4 are the corresponding four momenta and
The contributing Feynman graphs are shown in Fig. 1 We will include polarization of the incoming electron and positron beams. P − and P + denote the polarization of the e − and e + beams, with the convention P ± = {−1, 0, +1} for {left-polarized, unpolarized, right-polarized} e ± beams, respectively. (e. g., P − = −0.8 means that 80% of the electrons are left-polarized and 20% unpolarized.) The mass of the electron is negligible. Therefore, all vector particles propagate only transversally. We introduce the polarisation factors
collisions. The squared matrix element in the one-loop approximation is given by
The first three terms correspond to the tree level part [15] : Notice that the W W fusion is enhanced if the electron has left and positron right polarization. For instance, with P − = −0.85, P + = 0.6, one has P LR = 2.96 and P RL = 0.06. We are of course interested in the case where the fusion process dominates over the Higgsstrahlung process to get a large Higgs production rate. In this case the polarized cross section is just given by the unpolarized one times P LR . Now we turn on discussing the calculation of the one-loop correction due to the fermion and sfermion loops. One expects them to be the most important corrections due to the Yukawa couplings involved. The renormalization of the five-point function simplifies to the renormalization of the W W H 0 k vertex with off-shell vector bosons, where the renormalization of the other two vertices in the process (e. g. the e − ν e W + coupling) is absorbed. The contributions of the first and second families of (s)fermions are numerically negligible due to the smallness of their Yukawa couplings. Therefore, we will consider the contribution arising from the third family of (s)fermions.
At the one-loop level the Lagrangian for the W W H 0 k coupling can be written as
The colour factor N c is 3 for (s)quarks and 1 for (s)leptons. Actually, for the calculation of the one-loop corrected W W H 0 k vertex one has to compute the vertex and the wavefunction corrections due to the graphs of Fig. 2 , as well as the coupling correction δg
The vertex correction can be expressed in terms of all possible form factors, k 1,2 denote the four-momenta of the off-shell W -bosons. At tree-level only the structure with g µν is present, and therefore all form factors but F 00 have to be ultra violet (UV) finite without being renormalized. The wave-function correction is In the case of the off-shell W -bosons coupling to e ν e , δZ W has the form
The coupling correction is
l = k. The expressions on the right-hand sides of the Eqs. (10)- (12) can be found in Ref. [23] . Especially, we fixed the counter term δ tan β by the on-shell condition ℑΠ AZ (m (12), we get the renormalized and therefore UV finite one-loop correction
which has exactly the same form as Eq. (9) but the form factor F 00 is substituted by the renormalized and hence UV finite one,
Having calculated the form factors of Eq. (13), one can proceed to the calculation of the one-loop corrected cross section. The remaining parts of Eq. (3) due to the one-loop corrections are
where
As k 1,2 are spacelike, F 00 and F 21 have no absorptive parts and are therefore real. The term with F ǫ does not contribute to the cross section. The explicit forms of F 00 and F
21
are given in Appendix A. 
Calculation of the cross section
In order to calculate the cross section, including the radiative corrections from fermion and sfermion loops, one has to choose an appropriate reference frame. A detailed discussion on this is given in Appendix B. The momenta of the particles participating in the process are defined in Eq. (1). The calculation of the total cross section for the Higgs boson production e + e − →ννH 0 k is performed in two steps. First, we calculate the differential cross section
where E p is the energy of the produced Higgs boson. For this calculation it is convenient to work in the rest frame of the two final fermions, where one has p 3 + p 4 = 0, see Fig. 3 .
In this frame the differential cross section can be evaluated using
by integrating the total amplitude |M| 2 over the angles θ, φ, as they are defined in Fig. 3. For the tree-level case, it has been shown [14, 15] that these integrations can be performed analytically. For example, the results for the fusion process, the Higgsstrahlung, and their interference term from Eqs. (4)-(6) can be found in Eqs. (5)- (8) of Ref. [15] . One major complication of the inclusion of the one-loop corrections of Eqs. (15) and (16) is that it is not possible anymore to calculate these integrals analytically. This is due to the fact that the form factorsF 00 and F 21 are functions of the momentum transfer k 2 1,2 . Therefore, for the one-loop corrected cross section we are bound to use numerical methods for this task. The second step consists of the integration of the differential cross section in order to get the total for the Higgs boson production. To do this, we are working in the rest frame of the initial fermions, where p 1 + p 2 = 0, see Fig. 4 . In this reference frame we obtain the total cross section
where θ p denotes the angle of the produced Higgs boson with respect to the beam direction. Alternatively, one can use the rapidity y and the transverse momentum p T of the Higgs boson and calculate the cross section as
where the integrand and the integration limits are given in Eqs. (45) and (46), respectively. These integrations, even in the tree-level case, are carried out numerically. The advantage of using the y, p T variables is the faster numerical convergence of the integration routines, due to the strong forward-backward peaking of the differential cross section for large √ s. For the calculation of the one-loop corrected cross section, one has to perform four numerical integrations successively. For this purpose, we use appropriate numerical integration routines found in the NAG library. In addition, we have checked that for the tree-level case our completely numerical calculation agrees with high accuracy with the semi-analytical results of Ref. [15] .
Discussion and results
In our numerical analysis, we have taken into account the contribution arising from the third family of fermion/sfermion loops. This contribution turns out to be the dominant one, in comparison with the first two families corrections, due to the large values of the Yukawa couplings h t and h b . The impact of the running of the electroweak couplings g and g ′ is not negligible, especially for large √ s we are discussing here. Therefore it has been taken into account. For the calculation of the SUSY Higgs boson spectrum and the Higgs mixing angle α, a computer program based on Ref. [24] has been used. We note that for values of tan β > 5 and m A large the SUSY W W h 0 coupling mimics the SM one, while the W W H 0 is very small. This is due to fact that for these values of tan β we have sin(β − α) ∼ 1 and cos(β − α) ∼ 0.
In the so-called "intense coupling regime" [22] , where the neutral Higgs bosons are almost degenerate and light, m H ∼ m h ∼ m A ∼ 100 GeV, there is the possibility that the W W h 0 coupling is suppressed, while the W W H 0 one is not suppressed. For this case it is worth to explore the possibility of the heavy Higgs production.
For simplicity, for all plots we have used A t = A b = A τ = A, {mŨ , mD, mL, mẼ} = { (5) is multiplied with P RL , considering that for √ s > 500 GeV the total tree-level cross section is dominated by the W W fusion channel, this term is not important for the Higgs production at future linear colliders. Therefore, if one wants to enhance the cross section the appropriate mode would be e − L e + R , where we have σ pol ≃ P LR σ unpol , while P LR being as high as 3 to 4.
We will start discussing the light Higgs boson production e + e − →ννh 0 , in the MSSM, and the impact of the fermion/sfermion corrections calculated in section 2. In Fig. 5 (left) we have plotted the total tree-level cross section (dashed line) and the one-loop corrected one (solid line) for contributions are presented. The dotted-dashed line represents the contribution from the W W channel at tree-level alone, whereas the dotted line includes the Higgsstrahlung contribution as well. The dashed line includes in addition the interference between the W W channel and Higgsstrahlung. The size of this interference term is extremely small, hence the difference between the dotted and dashed lines is rather tiny. It can also be seen that for √ s 500 GeV the W W fusion contribution dominates the total cross section for the Higgs production. Actually, for √ s 800 GeV the total tree-level cross section is due to W W fusion. The solid line represents again the one-loop corrected cross section.
In Fig. 5 we have taken: tan β = 40, µ = −300 GeV, A = −100 GeV, mQ = 300 GeV, M A = 500 GeV, and M 2 = 400 GeV. Choosing different sets of parameters, the basic characteristics of these plots remain unchanged. Actually, the soft gaugino masses M 1,2 affect only the Higgs boson masses and couplings through radiative corrections. In Fig. 6 the relative correction ∆σ/σ 0 is presented as a function of √ s for two different sets of parameters. The solid line corresponds to the set used in the Fig. 5 , whereas for the dashed line we have taken tan β = 10, µ = −100 GeV and A = −500 GeV, keeping the rest of them unchanged. This figure shows that the size of the one-loop correction to the Higgs production cross section is practically constant for √ s > 500 GeV and weighs about −15%, almost for any choice of the SUSY parameters. This is a consequence of the dominance of the fermion-loop contribution over the one-loop corrections, and therefore the total correction is not very sensitive to the choice of the SUSY parameters.
This behaviour of the one-loop correction will be discussed further after presenting the influence of the corrections on the various distributions.
In Fig. 7 we present the distributions dσ dy , dσ dp T and dσ d cos θp as a function of the rapidity y, the transverse momentum p T and cos θ p , respectively. We have fixed √ s = 1 TeV.
The dashed lines represent the tree-level case, while the solid lines the one-loop corrected one. The SUSY parameters are as in Fig. 5 . Paying attention to the figures of the dσ dy and dσ d cos θp distributions, we see that the tree-level distributions are completely symmetric. We have checked numerically that the one-loop corresponding distributions are also symmetric up to differences of O(10 −2 ) fb. For example, at a collider like TESLA with an integrated luminosity of 500 fb −1 such a small asymmetry yields only few events, making these measurements very difficult. The reason for such tiny asymmetries is the smallness of the form factor F 21 , which contributes to the one-loop corrections in Eqs. (15) and (16) . The dominant one-loop correction results from the form factorF 00 , which having the same structure as the tree-level W W h 0 coupling, that is a correction to the g µν term in Eq. (7), does not contribute to the asymmetry.
This fact, in conjunction with the behaviour of the correction illustrated in Fig. 6 , suggests that a handy approximation of these fermion/sfermion loop corrections might be possible [25] . The major complication in calculating the corrections from Eqs. and (16) is the dependence of the form factorsF 00 , F 21 on the momentum transfer of the fused W -bosons k 2 1,2 . On the other hand, the dominant contribution from the integration of these terms over the phase-space arises for small values of k 2 1,2 . Therefore, the essence of such an approximation will be to keep the dominant Yukawa terms from the form factor F 00 for k 2 1,2 ∼ 0, which will be just a factor correction to the tree-level coupling W W h 0 .
In the literature there is an effective approximation, where one only corrects the W W h 0 coupling [18] . Although the sign of this approximation is correct, it does not however account for the whole effect.
As it has been discussed earlier, in the bulk of the SUSY parameter space the W W H 0 coupling is rather small, resulting in a small production cross section for the heavy CP - that the cross section for the H 0 production is smaller than the h 0 production. Yet, it is possible to tune the SUSY parameters in such a way to obtain values for the heavy Higgs production as large as for the light one. In any case, it seems that going to the "intense coupling regime" the task of discriminating between the two Higgs bosons becomes not trivial. improve the signal as the branching ratio of Z → bb is only 15%. The angular distribution of the two jets would also be different due to the spin 1 of the Z boson. Double Z-boson production, e + e − → ZZ, where one Z decays into νν and the other into two jets (σ ∼ 500 fb at √ s = 500 GeV) is another background. It can be reduced by cutting out the forward direction and measuring the invariant mass of the two jets. An important background is due to the process e + e − → e + W − ν e through γW fusion (σ ∼ 4.5 pb), with a very low p T electron being lost in the beam pipe. Again the invariant mass of the two jets from W would give a peak at m W , and above all b-tagging would strongly reduce this background [26] . Another source for the background is due to e + e − → e + e − bb (via γγ fusion), where the e + and e − are emitted in the very forward direction thereby escaping detection. However, the significance of this background can be substantially reduced by making a cut in | cos θ| of the outgoing bb pair, to eliminate the part, where the bb is emitted near the beam direction [27] .
Conclusions
In this paper we have calculated the fermion/sfermion loop corrections to single Higgs boson production e + e − →ννh 0 /H 0 in the context of the MSSM. They are supposed to be the dominant radiative corrections due to the size of the Yukawa couplings. At the next generation of high energy e + e − linear colliders, where √ s 500 GeV , the W W fusion channel dominates the Higgs boson production cross section. We have also included the Higgsstrahlung process and its interference with the W W fusion. The one-loop correction to the cross section is negative and of the order of −10%, and is rather independent of √ s for √ s > 500 GeV. It is dominated by the fermion loops, usually being larger than 90% of the total correction. For the case of maximal mixing in the sfermion mass matrices, the contribution of the sfermion loops is enhanced, but nevertheless weighs less than 10%
of the total one-loop correction. The possibility of having polarized e + /e − beams is also explored. The study of the kinimatical distributions of the rapidity and the production angle of the Higgs boson shows that these loop corrections do not alter the symmetry of the tree-level distributions. In the bulk of the parameter space of the MSSM the W W H 0 coupling is suppressed, making the heavy Higgs boson production very difficult. Yet, going to the "intense coupling regime" there is a possibility of obtaining sizable values for this coupling. We have studied the heavy Higgs boson production, including the one-loop fermion/sfermion corrections, in this case. It is important to note that cos χ can be expressed in terms of Lorentz invariant quantities
